Abstract. Currently, the atmospheric methane burden is rising rapidly, but the extent to which shifts in coal 14 production contribute to this rise is not known. Coalbed methane emissions into the atmosphere are poorly 15 characterised, and this study provides representative δ 13 CCH4 signatures of methane emissions from specific 16 coalfields. Integrated methane emissions from both underground and opencast coal mines in the UK, Australia 17 and Poland were sampled and isotopically characterised. Progression in coal rank and secondary biogenic 18 production of methane due to incursion of water are suggested as the processes affecting the isotopic composition 19 of coal-derived methane. An averaged value of -65 ‰ has been assigned to bituminous coal exploited in open cast 20 mines and of -55 ‰ in deep mines, whereas values of -40 ‰ and -30 ‰ can be allocated to anthracite opencast 21 and deep mines respectively. However, the isotopic signatures that are included in global atmospheric modelling 22 of coal emissions should be region or nation specific, as greater detail is needed, given the wide global variation 23 in coal type. 24
into the atmosphere, which has to be distributed among the different methane sources in order to quantify each 41 source contribution. 42
For methane emissions from fossil fuels (coal and natural gas), the source partitioning is mainly "bottom-up", 43 based on energy use statistics and local inventories, which might be highly uncertain. Conversely, the "top-down" 44 study of the carbon isotopic composition of methane, which is indicative of the methane origin, provides a valuable 45 constraint on the budget appraisal, allowing different sources in a source mix to be distinguished and their 46 individual strength to be evaluated ( are fairly distinctive for specific methanogenic processes, the variety of production pathways and local 53 environmental conditions that discriminate the methane formation process leads to a wide range of δ 13 CCH4 54 values. The global isotopic range for coal is very large, from -80 to -17 ‰ (Rice, 1993) , but it can be narrowed 55 down when a specific basin is studied. While there are several studies of isotopic composition of methane 56 generated from coal in Australia, U.S.A. and China (Smith and Rigby, 1981 The purpose of this study was to determine links between δ 13 CCH4 signatures and coal rank and mining setting, 60 and to provide representative 13 C signatures to be used in atmospheric models in order to produce more accurate 61 methane emission estimates for the coal exploitation sector. 62
lignite. The intensification of the pressure and heat results in the transition from lignite to bituminous coal, and 78 eventually to anthracite, the highest rank of coal (O' Keefe et al., 2013) . 79
During peat and brown coal stages, primary biogenic methane is formed and it is mainly dissolved in water or 80 released during burial, as coal is not appropriately structured for gas retention (Kotarba and Rice, 2001 ). At more 81 mature stages, thermogenic methane is produced by thermal modification of sedimentary organic matter, which 82 occurs at great depths and intensive heat. Following the basin uplift, methane production can be triggered in the 83 shallower sediments by the meteoric water inflow into the coal (secondary biogenic gas) (Rice, 1993; Scott et al., 84 1994) . 85
The isotopic signature of the methane produced during the coalification process is controlled by the methane 86 origin pathway (Whiticar, 1996) . Thermogenic methane is isotopically enriched in 13 C (δ 13 C > -50 ‰) compared 87 to biogenic methane, as methanogens preferentially use the lightest isotopes due to the lower bond energy (Rice, 88 1993) . Intermediate isotopic compositions of methane might reflect a mixing between microbial and thermogenic 89 gases or secondary processes. Indeed, many controlling factors co-drive the fractionation process, and several 90 contentions about their leverage still persist in literature. Deines (1980) asserts that no significant trend is observed 91 in the isotopic signature of methane in relation to the degree of coalification. Conversely, Chung et al. (1979) 92 observed that the composition of the parent material does affect the isotopic composition of the methane 93 accumulated. While the link between isotopic composition and coal rank is not that straightforward, studies carried 94 out in different worldwide coal seams confirm a stronger relationship between coal bed gas composition and 95 depth. Rice (1993) , using data from Australian, Chinese and German coal beds, shows that shallow coal beds tend 96 to contain relatively isotopically lighter methane when compared to those at greater depths. In the presence of 97 intrusions of meteoric water, secondary biogenic methane, isotopically lighter, can be generated and mixed with 98 the thermogenic gas previously produced. Colombo et al. (1966) documented a distinct depth correlation in the 99 Ruhr Basin coal in Germany, with methane becoming more 13 C-depleted towards the surface zone, independently 100 from coalification patterns. This tendency can be explained either by bacterial methanogenesis, or by secondary 101 processes such as absorption-desorption of methane. Also Scott (2002) , in a study about coal seams in the Bowen The coal of the South Wales basin exhibits a well-defined regional progression in rank, which varies from highly 127 volatile bituminous coal in the south and east margin to anthracite in the north-west part, and the main coal of coal strata, in particular to the pore pressure regime, which is influenced by the local geological features 161 (compressional or extensional) of the basin. The south of the Hunter Coalfield is characterised by higher gas 162 content and enhanced permeability than the northern area, with a large potential for methane production, mainly 163 biogenic (Pinetown, 2014) . 164
Sampling and measurement methodology 165
For isotopic characterisation of the methane sources, integrated methane emissions were assessed through 166 detection of the offsite downwind plume. In fact, even when emissions are focused on defined locations, such as 167 vent pipes in underground mines, the methane provenance cannot be localised, since most of collieries are not 168 accessible. For sample collection and measurements of methane emissions downwind of coal mines in the UK 169
and Australia the mobile system described by Zazzeri et al. (2015) has been implemented. The system utilises a 170 Picarro G2301 CRDS (Cavity Ring-Down Spectroscopy) within the survey vehicle, for continuous CH4 and CO2 171 mole fraction measurements, and a mobile module including air inlet, sonic anemometer and GPS receiver on the 172 roof of the vehicle. The entire system is controlled by a laptop, which allows methane mole fractions and the 173 methane plume outline to be displayed in real time on a Google Earth platform during the survey to direct plume 174 sampling. When the plume was encountered, the vehicle was stopped and air samples collected in 3L Tedlar bags, 175 using a diaphragm pump connected to the air inlet. Samples were taken at different locations along the plume 176 transect in order to obtain a wide range of methane mole fractions and isotopic signatures in the collected air. The 177
Upper Silesian basin was surveyed with a Picarro 2101-i measuring continuous CO2 and CH4 mole fractions and 178 δ 13 CCO2 isotopic ratio. Samples were collected on site for analysis of δ 13 CCH4 isotopic ratio. 179
The carbon isotopic ratio (δ emissions from open-cut mines are wide-spread, and difficult to estimate. However, the objective of this study is 194 not the quantification of emissions, but the assessment of the overall signature of methane released into the 195 atmosphere, made through the sampling of integrated emissions from the whole area. Therefore, even though 196 onsite access to collieries was not possible, by driving around the contiguous area, methane emissions could be 197 intercepted and their mole fractions measured. Table 1 (Fig. 1) . A maximum mole fraction of 13.5 ppm was measured near a vent 257 shaft associated with the Ravensworth underground mine (see white star in Fig. 1b) . The source signature 258 calculated by the Keeling plot analysis based on all the samples collected during both surveys (grey markers in 259 The link between coal rank and δ 13 CCH4 isotopic signature is appreciable in the study of UK coal mines, but 280 differences in the Coalfield. The shallower deposits are more exposed to the weathering and meteoric water, most likely associated 290 with the production of some isotopically lighter microbial methane. Mole fractions up to 2.5 ppm were measured 291 around opencast mines in the Hunter Coalfield, in Australia, within a methane plume of more than 70 km width. 292
The highest methane mole fractions were consistently measured downwind of vent shafts in underground mines. 293
The difference in the source isotopic signature for methane emissions between the two types of mining both in 294 the Hunter Coalfield (from -61 to -66 ‰) and in Wales (from -31 to -41 ‰) reflects the isotopic shift of 5-10 ‰ 295 that might be attributed to the occurrence of secondary biogenic methane. 296 Table 2 and on 525 the results of this study.
